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The basic principle of MTV is similar in all implementations. At a specif ic instant (say, t 0 ), a spatially well-defined distribution of molecules is created or tagged in the f low of interest, usually by a pulsed laser. This distribution will be advected by the mean f low, and it will be deformed because of the presence of velocity gradients and diffusion in the f low. An adjustable time interval Dt later, the modif ied distribution is probed, for instance, by planar laser-induced f luorescence (LIF) of the tagged molecules. The difference between the initially created distribution (written at t 0 ) and the modif ied distribution (read at t 0 1 Dt) provides spatially resolved information on the f low velocity distribution. Unlike the established method of particle image velocimetry, MTV does not require particles to be seeded into the f low: One uses the molecules themselves to retrieve their velocity. A prerequisite for MTV, however, is that it must be possible to tag and read specif ic molecules in the f low.
An early suggestion for circumventing this requirement was to use biacetyl phosphorescence. 8, 9 A method that does not require any seeding at all was developed by Miles and co-workers and was named by them the RELIEF (Raman excitation plus laserinduced electronic f luorescence) method. 2, 3 Many other implementations of MTV rely on photodissociation of a precursor molecule followed by LIF of one of the products, as has been demonstrated for H 2 O OH (precursor-product) (Refs. 4 and 5) for O 2 O 3 (Refs. 10 and 11), and recently for NO produced by photolysis of NO 2 (Ref. 1) and tert-butyl nitrite. 6, 12 An advantage of the RELIEF and the O 2 O 3 tagging schemes is that no seeding is required; the O 2 molecules that are native to air f lows are used instead. The advantage of both NO tagging schemes is that NO is long-lived and relatively easy to visualize.
In this Letter a tagging scheme is presented in which both advantages are combined. Nitric oxide is created locally and instantaneously in an air f low in the waist region of a mildly focused ArF excimer laser beam. At an adjustable time interval Dt later, the advected NO distribution is probed by planar LIF in the g bands induced by a pulsed dye laser. Since this tagging scheme requires only N 2 and O 2 molecules, it can be used in ambient air as well as in any air f low system, and it does not require any seeding.
The experimental setup for the present experiments is straightforward (see Fig. 1 ). Nitric oxide molecules are produced in the waist region of an excimer laser beam focused by an f 100 mm spherical lens to a waist of ϳ0.18-mm diameter. This laser beam was derived from a broadband ArF excimer laser (L-Physik, CompeX 350T, used in amplif ier-only mode), operated at low power ͑ϳ40 mJ͞pulse͒. The focusing lens was tilted slightly to avoid optical breakdown in the focus. We used a second laser beam, counterpropagating to the ArF beam and derived from a Nd:YAG-laser pumped frequency-doubled dye laser (Continuum PowerLite 9010 pumping a L-Physik ScanMate 3, operated on Coumarin 2), to visualize the NO. This dye laser was tuned to one of the rotational lines in the A 2 S 1 ͑v 0 0͒ √ X 2 Q ͑v 00 0͒ band of the g system of NO and was used mildly focused into an ϳ0.2-mm-thick sheet (in the plane spanned by both laser beams and the f low direction) by a cylindrical lens. Scattered light was observed perpendicularly to the directions of both laser beams and the mean f low direction by two oppositely mounted intensified CCD cameras (Princeton Instruments, ICCD-576G/ RB-E) through Nikon f ͞4.5 105-mm UV objectives. One camera system was mounted behind an imaging monochromator (Chromex 250IS) and will be referred to as an optical multichannel analyzer (OMA) system (Fig. 1) . The other camera (referred to as the imaging camera) was equipped with a bellows and a 226-nm 0 ± mirror (Laser Optik) to reject elastically scattered dye laser light. Pixels of the imaging camera were binned 4 3 4, resulting in a resolution of 38 mm 3 38 mm per (super)pixel. The timing of the whole experiment was controlled by two digital delay generators (Stanford Research Systems, DG535). All experimental results presented below were obtained with dry-air f lows in ambient air or in still, ambient air. Figure 2 shows part of the A͑v 0 0͒ √ X͑v 00 0͒ excitation spectrum, which was measured by the optical multichannel analyzer scanning the dye laser and recording the f luorescence on the A͑0͒ ! X͑2͒ band at 248 nm. The excitation spectrum was measured in still, ambient air, with the dye laser delayed by 1 ms after the excimer laser pulse. Also included in Fig. 2 (dashed curve) is a simulation by the LIFBASE spectral simulation program 13 at a temperature of 300 K. The agreement between simulation and experiment is evident and provides conclusive proof that it is indeed NO that is observed. There is no indication of spectral interference by other species. All structure in the measured spectrum can be assigned to NO, and also the dispersed f luorescence (not shown)
shows features that are attributable only to the g bands of NO. The experimental line intensities are not always well reproduced by the simulation but this problem is thought to be due to the multiphoton process that is probably involved in the NO creation (see below) rather than to a nonthermal NO distribution. (Even though the NO will probably not be formed in an equilibrium distribution, it is expected to thermalize rapidly.) In the experiments reported below, the dye laser was f ixed on the Q 1 ͑14͒ Q 2 ͑21͒ coincidence at 225.95 nm (arrow in Fig. 2) . The f luorescence intensity gradually increased by a factor of 2 during the f irst 2 3 ms after a write pulse. Apparently the chemical induction time of the NO production is of this order. After this initial stage, the half-lifetime of the NO f luorescence intensity was found to depend on the thickness of the dye laser beam and appeared to be governed by molecular diffusion.
The exact chemical pathway through which the NO is produced is not known, but there is circumstantial evidence that ground-state O 2 atoms and N 2 1 ions play a role. Ground-state molecular oxygen absorbs 193-nm ArF laser radiation in the B͑v 0 4͒ √ X͑v 00 0͒ band of the Schumann -Runge system. 14 The B͑v 0 4͒ state is strongly predissociated because of couplings to several repulsive states that converge to separated O͑ 3 P ͒ atoms. Molecular nitrogen does not possess single-photon absorption bands within the ArF laser bandwidth, but, in the waist region of the focused excimer beam, multiphoton processes occur that give rise to f luorescence in the f irst negative system [B 2 S u 1 ͑v 0 0͒ ! X 2 S g 1 ͑v 00 0͒ at 390 nm] of N 2 1 . Molecular-nitrogen ions are known to be involved in NO formation (see, e.g., Ref. 15) .
Flow tagging experiments were performed on a laminar dry-air f low and on a f low generated by a pulsed valve. The laminar dry-air f low was generated by a McKenna-type burner through which only air was f lowed, regulated by a mass f low controller. The excimer laser beam was focused 3 mm downstream of the f low exit. Figure 3 shows a few single-shot NO f luorescence images recorded by the imaging camera at several time delays Dt after the excimer laser was f ired. The images clearly show that the f low stays laminar and is not visibly affected by the measurement. A f low velocity of 1.11 6 0.05 m͞s can be derived from these images. It can also be seen that the spatial f luorescence distribution becomes broader and less intense with increasing Dt. This result is attributed to diffusion of the NO molecules. In the end it will be this process, and perhaps some conversion of NO into NO 2 , that limits the velocity resolution. In steady f low it is possible to average a Fig. 3 . Single-shot tagging images in a laminar dry-air f low at several time delays Dt (in microseconds, as indicated) between write and read lasers. The f low goes top down and is much wider than the f ield of view. The scale bar at the lower left corresponds to 0.5 mm. Fluorescence intensity is indicated on a linear gray scale (black is maximum); the images are individually scaled to enhance contrast. number of laser shots, and in the present setup mean f low velocities below 1 cm͞s could be measured in this way. Figure 4 shows a few single-shot NO tagging measurements in an air f low emanating from a pulsed valve (Jordan Company). The valve emits dry-air pulses (backing pressure, 0.3 MPa) of ϳ20-ms duration into ambient air through a 0.6-mm-diameter f lat nozzle. NO is created 0.8 mm below the nozzle exit and is probed at various time delays afterward (indicated in Fig. 4 ). All images were taken with single shots of write and read lasers. The images provide a few examples of f low patterns because the f low conditions and timing of the write laser with respect to the start of the gas pulse were slightly different for each frame. The vortex structure expected for such a f low is evident in the image with the 100-ms time delay. In principle, given a high-repetition-rate probe laser, time series could be recorded from single gas pulses because the NO molecules are not consumed by the reading process.
The range of experimental conditions under which the present tagging scheme can be expected to be useful will depend on the effect that parameters such as pressure, temperature, and chemical impurities of the air may have on the NO f luorescence signal. Important quantities in this respect are the NO production and removal rates and the f luorescence quantum yield. More experimental effort will be required for assessing these matters, as most parameters affect the signal level in multiple ways. Pressure, for instance, inf luences the NO formation rate, the diffusion constant, and the f luorescence quantum yield, but these effects will at least partly counteract one another.
In conclusion, it has been shown that nitric oxide can be produced locally in the waist region of a mildly focused ArF excimer laser beam. The amount of NO produced by a single ArF laser pulse has an induction time of a few microseconds and is easily detectable for as many as several milliseconds after its creation by planar LIF with a frequency-doubled dye laser. Thus this molecular tagging scheme is suitable for f low visualization and velocimetry in unseeded air f lows. Experiments to elucidate the NO formation mechanism and to optimize the setup are in progress, the latter with the aim of improving the spatial resolution to the order of 10 25 mm. This improvement would permit the study of atmospheric turbulence down to the Kolmogorov scale.
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